The use of the argyrophilic (Ag) staining technique for nucleolar organizer regions (NORs) revealed nuclear changes in myocytes of the left atrium of 10 rats treated twice a week for 6 weeks with doxorubicin (1 mg/ kg body weight) iv and sacrificed after 6 weeks without treatment. The changes were easily detected qualitatively and further assessed by quantification. Cardiac myocytes of doxorubicin-treated rats had larger nuclei and/or a larger quantity of AgNORs that were either dispersed in a number of small dots or clustered in rounded, rod-shaped, or tortuous large structures. AgNOR alterations may reflect a defect of nucleolar association leading to an impairment ofprotein synthesis that could be involved in doxorubicin cardiotoxicity.
INTRODUCTION
The anthracycline doxorubicin (Adriamycin) is a widely used antineoplastic agent, active against a variety of neoplasms. A severe, cumulative, dosedependent chronic cardiac toxicity is the major limitation of anthracycline therapy (10, 40) . Chronic cardiotoxicity occurs in patients after prolonged administration of doxorubicin; a similar cardiotoxicity can be elicited in many animal species (7,9,60,68), including the mouse (8,23,39), the rat (45,46,5 l), the rabbit (27, 64), the dog (37), and the monkey (20), after treatment with doxorubicin. The cardiotoxicity consists of a delayed, progressive cardiomyopathy with myocyte vacuolation and degeneration, interstitial edema, and fibroplasia leading to congestive heart failure. Despite considerable work on the subject, the pathogenesis of the doxorubicininduced cardiomyopathy is not well understood. However, doxorubicin has been shown' to exert a multiplicity of complex biochemical effects on the myocardium (7, 57), including the following: binding to DNA and alteration of nucleic acids and protein synthesis (3, 4, 29, 48, 5 3 , lipid peroxidation subsequent to free radical generation (5, 6, 32, 35), release of histamine and catecholamines (5, 12, 35, 38) , damage to mitochondria (5,24,27,49) , an effect on various cellular membranes (28), an excess calcium influx (24,3 l), and an effect on collagen matrix (15) . A combination of these effects probably triggers the myocardial lesion.
Nuclear morphology can be evaluated histologically using a newly developed silver (argyrophilic) staining method for nucleolar organizer regions (NORs), the so-called AgNOR technique (1 , 2, 53).
NORs are loops of DNA within the nucleus that transcribe ribosomal RNA and are usually tightly aggregated within the nucleoli in interphase cells (1 1, 18, 33, 36). Associated with NORs are argyrophilic non-histone proteins that have the ability to bind silver ions selectively (54). The AgNOR technique visualizes these argyrophilic proteins as black deposits (AgNORs) in the cell nucleus. The NOR associated proteins are known to include RNA polymerase 1, C23 protein (nucleolin), and B23 protein; their exact structure and function remain uncertain (1 8). However, alterations in the number and configuration of AgNORs have been demonstrated in numerous types of human neoplasms (18, 19, 20) and also in human trophoblastic tissues (61), rat tumors (62, 63), and in the rat pituitary following hormone stimulation (50) . The aim of the current work is to study the AgNORs in routine histological sections of myocardial lesions of doxorubicin-treated rats in order to characterize the nuclear changes induced by doxorubicin in myocytes. 176
MATERIALS AND METHODS Aniiiials
Cr1:COBS-CD(SD)BR (Charles River, France) male rats (201-225 g) were housed individually in makrolon cages in a controlled environment (2 1 -t-1"C, relative humidity of 55 k 5%, 12-hour light/ dark cycle). A standardized rodent maintenance diet (A04C, Usine d'Alimentation Rationnelle, Villemoisson sur Orge, France) and tap water were provided ad libitum.
Treatment
Ten rats were treated by iv injection into the caudal veins with l mglkg body weight doxorubicin chlorhydrate (Adriblastine, R Bellon, Neuilly-sur-Seine, France) twice a week for 6 weeks. After another 6 weeks without treatment, animals were sacrificed by exposure to CO, gas. Ten controls were treated with a saline injection only.
Necropsy and Tissue Preparation
Full necropsy was performed on all animals and samples were taken from the heart and fixed for at least 48 hr in 10% neutral buffered formalin. They were routinely processed and embedded in paraffin wax, from which 4 pm sections were prepared and stained with hemalum and eosin (H&E). Three pm longitudinal sections of the heart, involving the 4 chambers, were also cut, dewaxed in xylene, and then hydrated through a series of graded ethanol solutions to deionized bidistilled water. The staining silver colloid solution was freshly prepared by dissolving gelatin (1Yo) in a 2% aqueous formic acid solution; this solution was diluted 1:2 volumes with 50% aqueous silver nitrate to obtain the final working.solution. This was applied to the sections and left for 45 min under safelight conditions at room temperature, after which the sections were washed with deionized water, dehydrated through graded ethanols to xylene and mounted in synthetic medium (DPX).
Quantijkation of AgNORs
A hundred nuclei of myocytes in the left atrium from each animal were examined. After measuring the nucleus area, the AgNOR structures were measured in terms of area, number, and form coefficient using a standard interactive microcomputer-assisted image analysis system (Quantinet 520, Cambridge Instrument). Each cluster of AgNORs was considered as a single unit. The sections were examined using an Aristoplan (Leitz) microscope with a x 40 objective, a x 2.5 zoom, and a green filter to minimize chromatic aberrations. The measure-ments were performed after careful focusing. Each slide was examined independently by 2 observers.
Statistical Analysis
For each animal and each parameter, a mean value was calculated from the 100 nuclei observed. Differences between the mean values for individual control and treated rats and between the two observers were assessed by an analysis of variance on repeated measurements using the GLM procedure of SAS software (SAS Institute Inc., North Carolina). The distribution of the values for control and treated rats was analyzed using a x2 test, taking into account the data from one observer only.
RESULTS
While no animals died during the treatment period, 5 treated rats died during the withdrawal period. These 5 rats and 3 others sacrificed at the end of the study had macroscopically visible mural thrombosis in the left atrium, characterized by an organized laminated fibrinous thrombus attached to the endocardium. Myocardial degeneration was seen multifocally on H&E stained sections of the heart of all doxorubicin-treated rats. The left atrium was the most frequently and most severely affected, followed by the right atrium and the left ventricle. The interventricular septum and right ventricle were also involved in more severe lesions. The degeneration was characterized by vacuolation and myofibrillar loss in the cytoplasm of affected myocytes. While some nuclei had a normal appearance, large irregular clear nuclei with a fine chromatin and vacuolated nuclei were occasionally seen. Rare nuclei had either a large irregular nucleolus or multiple small round nucleoli. Some neutrophils and mononuclear inflammatory cells infiltrated multifocally affected areas.
After staining for NORs, nuclei were colored orange and contained well-defined black dots. They were clearly discernible from the yellow cytoplasm and interstitium even in the absence of counterstaining.
Control Rats
Nuclei of myooytes in the left atrium of control rats were regular, slightly elongated when longitudinally sectioned and round when transversally sectioned. They had silver material clustered in their central portions, forming up to 3 rounded, regular, argyrophilic structures ( Fig. 1A-C) . Larger nuclei or nuclei with either'>3 AgNORs or with unusually large or shaped AgNORs were rarely observed. Endothelial cells and stroma cells contained 1 or 2, rarely 3, small round AgNORs in their nuclei (Fig.  1 C) . 
Doxorubicin-Treated Rats
The left atrium of doxorubicin-treated rats contained myocytes with AgNORs similar to those in controls. In addition, many enlarged or normal sized nuclei contained an increased number of AgNORs and/or large, irregularly shaped AgNORs (Fig. 2) .
AgNORs, when increased in number, were usually small, round, and dispersed within the nucleus. Large AgNORs were either rod-shaped, tortuous, rounded, or polygonal clusters, or made of round dots irregularly connected to each other. Neutrophils had no AgNORs, while mononuclear inflammatory cells contained 1 or 2 AgNORs.
Quantification
Quantitative data are shown in Tables I and 11 . No statistically significant differences were found between the results obtained by the 2 observers. The mean nucleus area in doxorubicin treated rats was increased when compared to controls (p -= 0.001).
The mean number of AgNORs per nucleus was also increased (p < 0.00 1). Furthermore, AgNORs were larger and occupied a larger percentage of the nucleus in doxorubicin-treated rats than in controls (p < 0.001). The standard deviations were increased for all parameters in doxorubicin-treated rats. This was due to a shift to the left of the values in doxorubicin-treated rats (Table 11 ).
In doxorubicin-treated rats, there were no differences of consequence between the values for dead or sacrificed animals or between animals with or without left atrial thrombosis.
DISCUSSION
Cardiac lesions seen in the present study in doxorubicin-treated rats were similar to those reported in the literature (7, 46) . The use of the argyrophilic staining technique for NORs revealed nuclear changes that were overlooked in H&E stained sections. These changes were easily detected qualitatively and further assessed by quantification. Cardiac myocytes of doxorubicin-treated rats had larger nuclei and/or a larger quantity of AgNORs that were either dispersed as small dots or clustered in rounded, rod-shaped, or tortuous-shaped large structures.
In recent years, numerous papers have illustrated the usefulness of the AgNOR technique, especially for human neoplasms (1 16, 18, 21, 25, 26, 34, 47, 54, 58) . The specificity of the technique is well demonstrated and technical aspects of the staining have been investigated (1, 18, 41, 42, 52, 54, 56, 59) . The t&&s'on the resplts of tissue fixation and processing, section thickness, and time of staining reaction as well as the effects of the use of very clean plastic or glassware, highly pure water, and a dark chamber were evaluated. Provided attention is given to some technical steps, the argyrophilic technique for NORs on routine histological section has given reliable results. In particular, background silver grain deposition is not a problem.
The appropriate methods for enumeration or typing of AgNORs are still debated (16, 17, 30, 47) . 1.50 1.44 1.47  1.55 1.32 1.43  1.03 0.91 0.97  4.65 4.35 4.50  SD  2.88 4.64 4.02  0.24 0.23 0.23  0.27 0.23 0.27  0.09 0.09 0.11  0.76 0.65 Two approaches for AgNOR enumeration have been used by various authors. When silver-stained dots were clustered in 1 structure (the nucleolus), they were treated as a single unit. Alternatively, when AgNORs could be visualized separately within a cluster, each AgNOR was counted as a unit, similar to the smaller AgNORs seen outside the nucleolus.
The first method was used in the present study owing to the difficulty to identify individual AgNORs in clusters, especially in doxorubicin-treated rats. One of the problems sometimes encountered during quantification in doxorubicin-treated rats was the difficulty in deciding whether a given nucleus belonged to a myocyte or to stromal or inflammatory cells. However, comparing an equal number of nuclei from control and treated rats would lead to an underestimation of the increase in the quantity of AgNORs in the doxorubicin-treated rats, since AgNORs in the stromal or inflammatory cells are similar to AgNORs in normal myocytes. It must be stressed that the changes were observed in all doxorubicin-treated rats and that their left atria contained both affected and unaffected myocytes. In addition, there was no link between the presence of AgNOR changes and the cytoplasmic vacuolation of myocytes. This suggests that AgNOR changes in doxorubicin-treated rats were neither artifacts due to autolysis nor nuclear alterations secondary to cellular degeneration, but rather a primary. effect of doxorubicin on cardiomyocytes. Furthermore, the coexistence of myocytes with and without AgNOR changes and the polymorphism of these changes suggest that the effect of doxorubicin on cardiac AgNORs may be multiple. It has been suggested that an increased quantity of AgNORs in a cell population results from one of the following phenomena: increased ribosomal transcriptional activity, polyploidy, active cell proliferation, or defects of nucleolar association (66) . Increased ribosomal gene transcription has always been considered as a cause of an increase in NORs (2, 53, 69), as recently exemplified by higher AgNOR counts in anterior pituitary corticotrophs of adrenalectomized rats (50). It has recently been shown that AgNOR numbers in tumor cells reflect cell proliferation rather than nuclear ploidy (22, 62, 63, 65) , whereas in human non-neoplastic trophoblastic tissue, AgNOR counts were a reflection of ploidy rather than of cell proliferation (61) . The alteration of AgNORs seen in doxorubicin-treated rats may reflect a defect of nucleolar association linked to the pharmacology of the drug. The antineoplasic effect of doxorubicin is thought to result from intercalation of doxorubicin in DNA with resultant inhibition of DNA polymerase and DNA-dependent RNA polymerase activities and interference with the mitotic activity of the tumor cells, leading to their death (7). Doxorubicin cardiotoxicity may be at least partially mediated by similar biochemical effects in the cardiac myocytes. It is suggested that doxoru-bicinbNA bindipg may directly affect many genes, including those coding for or regulating the synthesis or maturation of ribosomal RNA. Other evidence supporting an effect of doxorubicin intercalation in myocyte DNA has been reported. The ultrastructural abnormalities of the cardiomyocyte nuclei that are observed following doxorubicin administration have been regarded as consequences of an inhibition of ribonucleoprotein synthesis (39) . These changes were observed in humans (13, 14, 55, 67) as well as in experimental models (39, 43, 44, 64) , both in vivo and in vitro, and included clumping of nuclear chromatin and nucleolar segregation. Nucleolar segregation reported in acute doxorubicin cardiotoxicity is characterized by concentration of the granular component around the fibrillar portion and condensation of the associated chromatin (39, 43, 44, 67) . This causes the formation of an electron-lucent halo around the nucleoli, which therefore appear segregated within the nucleus. Our results concur with these electron microscopy studies, since AgNORs in histology coFespond ultrastructurally to fibrillar centers and dense fibrillar components (1 8). In addition, anthracyclines have been shown to inhibit myocardial incorporation of precursors into DNA, RNA, and proteins, and to have an inhibitory effect on cardiac myocyte protein synthesis. Doxorubicin would alter continuous DNA repair, RNA synthesis, and protein replacement, leading to long term damage that could not be adequately repaired and, eventually, cardiotoxicity (39, 67) . The effect on RNA and protein synthesis would be exacerbated by the increased demands of the myocardial cells for membrane and mitochondria1 proteins that are damaged by doxorubicin via other pathways, such as lipid peroxidation and free radical generation (1 3, 39).
